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GRAPHSOFBEDUCEDVARIKBIJ3SFORCCM?UTINGHISTORIESOFVAPORIZING
FUELDROFS,ANDDROPHISTORIXSUNDERPRESSURE
By G.L. Bormsn,M.M. ElWskil,
O.A. Uyshara,andP.S.Myers
SUMMARY
Thepurposeofthepresentivestigationwaatwo-fold.Thefirst
objectivewasto obtaina simplifiedcalculationtechniquethatwould
replacethecanplicatedautcmaticccmrputercalculations.me second
objectivewasto obtainexpertientaldataforsingledropletsvaporizing
atpressuresgreaterthan1 atmosphereandto checkccmputedhistories
sgsinsthesedata.
A methodof calculatimudng reducedcurvesandnomogramsisex-
plained.Graphsandncmnogrsmsthatcanbe usedto calculatehistories
of~-decsnedropletsrepresented.Similargraphsmaybe constructed
foranypurefuelwithlmownphysicalproperties,aadescribedinthis
report.Theaccuracyofthecalculationtechniqueis showntobe within
theagreementbetweenexperimentandtheory.Themethodof app~cation
of suchsimplifiedcalculationsto fuelspraysisdiscussed,amdthe
limitationsofthecalculationsarepointed.out.
Steady-statemperaturesofhex=e,decsne,andhexsdecanewere
obtainedexperimentti y forvarioustemperaturesandpressuresfrcm1 to
5 atmospheres.Thee~ertientaldataagreedwiththecalculatedvalues
towithinklOOR. A fewexpertientslunstesiiy-statehistoriesfor~-
decaneat 2 and4 atmospherespressurearepresented.Thesehistories
showno greatdeviationfrcmthecalculatedhistories.
INTRODUCTION
An understandingoftheprocessesthatoccurintheatanization,
acceleration,andvaporizationffueldropletsina sprayistiportant
tothedesignof ccanbustors.Atomizationresultsh breskingthemassof
theliquidfuelintoa sprayoftinysphericaldropletsendthustreznen-
douslyincreasesthefuelsurfaceareae~osedto theair. Thetotal
massvaporizedfromthespraymaythenbe obtainedfroma studyofthe
vaporizationfeachdroplet,or a numberof individualdroplets,inthe
spray.Sincerapidvaporizationisessentialto ensurea rapidrateof
heatrelease,anunderstandingofthephenanenaoccurringinthespray
isimportant.= addition,ifthelargestdropletsdonothavetimeto
vaporizesufficiently,theymayleavethecmbustionzoneinliquid
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form;thisrepresentsa lossinefficiencychargedagainsthecombustor.
Thus,itisof interesto1= ableto estirnat=rapidlythehistoriesof *
singledropletsinorderto approximatesprayhistories.
Earlierinvestigations’attheUniversityofWisconsinwereconcerned
withtheproblemofpredictingthetemperatureendmasshistoriesof
singledroplets.A theoreticalinvestigation(ref.1) showedtheeffects
oftheunsteedy-stateyortionofthevaporizationhistoriestobe of con-
siderableimportance.Thetheoreticalstudywaafollowedby snexperi-
—
mentalstudy(refs.2 and3)primarilyconcernedwithvaporizationu der
atmosphericpressure.Liquid-fueldropletswerehungona spherically B
shapedthermocouplejunction.Heatedairwasthensuddenlycausedto
flowoverthedrop.Thetemperatureendsizeofthedropwererecorded
asa functionofthe. Theexpertientalresultswereccmparedwithcm-
putedhistories;theoreticalndexperimentalmasscurvesagreedto
within20percent.
Thetivestigationreportedhereinisconcernedwithtwofundamental.
problems.Thefirstproblemisto compsrethetheoreticalpredictions
withexperimentaldatatakenatpressureshigherthan1 atmosphere.The
secondproblemisto evolvea simplifiedcalculationtechniquethatcan :
be usedtoobtaindroplethis~rieseasily.me eq~tionsforheat
transfer,masstrsnsfer,andaer~ynemicdrsgmaythusbe solvedsimul-
taneouslytoresultina reasonablysimpleandaccuratemethcdofpre- .
dietingsprayvaporizationbehawior.Itshouldbe notedthatsuchcal-
culationsgiveno informationconcerningthepossiblechemicslinteraction
betweenfuelandair,nordo theytakeintoaccountheeffectonthe
vaporizationfanyfuelvaporthatmaybemixedwiththeair(refs.3
emd4). Theselatterproblemsre.however,beyondthescopeofthe
studyof single-dropletvaporization.
ThisinvestigationwascerriedoutattheuniversityofWisconsin
underthesponsorshipendwiththefinanciaLassistanceoftheNational
AdvisoryCcmmitteeforAeronautics.Specialacknowledgmentisgivento
Mr.WolfgangRockenhauserforhishelph obtainingsomeofthepressure
datapresentedherein.
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subscripts:
a
d
f
L
m
u
w
0,1,2,* . .
Superscript:
*
*
w
air
decsne
fuel
liquid
mesnvalue
unstesdy-statecondition
steady-statecondition
0, initialvalue;1,2,. . . followingvaluesorincrements
reducedvalueofvsriable,a dimensionlessquadity
EXPERIMENTALINW?STIGATION
ExperimentalApparatus
The%asiccomponentsoftheexperimental
reference3 wereretainedfortheexperiments
1). A descriptionftheopticslsystem,air
recorderisfoundinreference3 and,forthe
herein.
pparatusdescribedin
at elevatedpressure(fig.
heater,sndtemperature
mostpart,isnotrepeated
Themajoradditiontothepreviouslyusedapparatuswasa pressure
banborflowchsmber,whichwasfastenedtotheairheatersndenclosed
theairnozzlelocatedatthebottomofthischsmber.A throttledport
atthetopofthechsmberallowedtheoutwardairflowtobe regulated.
By properadjustmentofthelinepressure,inletflow,andexitflow,a
rangeof airpressuresandflowvelocitiescouldbe achieved.Thether-
mocouple(fig.2)extendedownintothechsmberframthetopsndcould
be sdjustedsothatthethermocoupleb silwaslocatedimmediatelyabove
andatthecenteroftheairnozzle.Theairflowoverthethermocouple
beadwascontrolledby an externallytriggereddeflectingplate.
Thestatic
bratedpressure
. persqume inch
.
airpressureinthe
gsgeswhosemaximum
gage,respectively.
chsmberwas
rangeswere
measuredtiththreecali-
15,30,snd80pOLUldS
—
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TheairvelocityattheUquiddropletwasmeasuredwithem Illinois
TestingLaboratoriesVelometerhavinga rsngeofO to 600feetpermin- “
ute. Sincethisvelmueterwasdesignedto operateatatmosphericpres-
sure,thevelcmetercaseandtubeshadtobemaintainedattheseine
pressurea$thatoftheairstresmwhosevelocitywasbeingmeasured.
Sincethevelametercouldnotwithstandprolongedperiodsina hotatmos-
phere,itwasnecessaryto enclosethevelcmeterina separatehousing.
Thestaticpressurewithinthishousingwasmadeequaltothatinthe
chsmberbymesnsofaninterconnectingtube.A pressuregagemountedon
thevelcmeterhousingwasusedto ccmparehousingandchamberpressures.
Themetalprobesofthevelometerwereintraiucedintothechsmberthrough !!
a bushingandcouldbe slidoverthenozzleormadeflushwiththeinside
wallofthechsmber.Theinterconnectingtube,probes,ad bracketswere
allwater-cooledsothatthevelcmeterhousingremainedcooldespitethe
elevatedtemperatureofthechsmber.
Theopticalsystemwasnotrevisedfortakingpressuredataexcept
thatthesecondcondensinglensendthef/16projectionlenswereplaced
insidethebomb. Twol-inch-thickglasswindowsmadeup twowallsofthe
bombendthusallowedthelightbeamtopassthroughthebmb. A small
mirrorwasmountedoutsidethebombinsucha wayasto 41OW theinside
ofthebanbtobe observedirectly.
At 1 atmospherethefueldropletcouldbe placeddirectlyonthe
thermocouple,asdescribedinreference3. Fordatatakenatelevated
pressuresa moreelaboratesystemwasrequired.Thissystemisshownin
figure3. Thefuelwascontainedinthepistondeviceshowninthefig-
ure. A fineand.cosrsethreadallowededequatecontrolofthefeed.
! Sincethepistondevicewasexternaltothechsmber,fuelchangescouldbemsdewithoutdisturbingtheairpressureinthechsmber.Itwasfound
necessaryto coolthefuelbymeansofa waterjacketsothatnovaporiz-
ationorheatingofthefuelwouldoccurinthefuelltie.withouthis
cooling,heatconductedfromthebab wouldvaporizethefuelbeforethe
dropcouldbe suspendedonthethermocoupleb ad. Thehypodermicneedle
couldbebroughtup tothethermocouplebymeansofthethreadedisk
showninfigure3. Theneedlecouldbedrawnbackmostrapidlybymenu-
allyslidingtheentirefuellinesadwaterjacketbackan inchortwo.
Whenchangingfuels,itwasnecessarytowashtheentirefuelsystem
carefullywithacetonebeforeintroducingthenewfuel.
Numerousattemptsweremadeto addcoolairtothechambereither
priorto ordur~ theexperiment.Itwasthoughthatsuchsubsidiary
airwouldhelpto coolthethermocoupleandfuelpriorto tekingthe
history.Noneoftheseattemptswasfullysuccessful.Anyairintro-
ducedatthesidesorbottcmofthechsmbercausedfluctuationsintem-
peratureandvelocityatthetestsection.A methodwasdevisedto turn
onthesubsidiaryatiendshnzlteneouslyopenanadditionalairrelease
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port. Thismethodpreventeddisturbanceoftheairpressurendtempera-
turebutcauseda disturbanceofthevelocitythatlastedapproximately
30 secondsafterthecoolairwasturnedoff. Sincethecoolingeffects
lastedonlyslightlylongerthanthevelocitydisturbance,thismethod
wastipracti al.
ProcedureandAccuracy
Thefirststepintakingexperimentaldatawasto calibratethe
opticsLsystemasdescribedinreference3. Afterthiscalibration,the
thermocouplewasplacedinthebomb,@ thesystemwasbroughtup to the
desiredtemperatureandpressure.Thesystemusuallyrequired24hours
ofheatingtoestablisha constantairtemperature.Beforedataweretaken,
theairvelocityandpressureweremeasuredandrecorded.Thepressure
measurementsh da relativerroroflessthan2 percent.Theairtem-
peraturewasmeasuredby usingthethermocoupleitself.Thethermocouples
werecalibratedina hotoilbathpriortobeingused;thiscalibration
wasaccuratetowithin&2°R. Theprocedureintakingdataconsistedof
thefollowingactions:Slowlybringingthehypodermicneedleup tothe
bead,placingthedroponthethermocouple,@U.innbacktheneedle
quickly,startingcameraandrecorders,sndtriggeringtheairblast.
Accuracyandcalibrationdatafor therecorder,film,andtemperature
readingsmaybe foundinreference3.
Severalrunsusuallyweremadewiththesamefuelto checkrepro-
ducibility.Theunsteady-stateportionofthehistories~oved tobe
lessreproduciblethanwouldbe desired.Thethermocoupleb cameheated
becauseofthecontinuedflowofhotairintheconfin@spaceofthebcnnb
priortotskingthehistory.Thisheating,togetherwithentrappedair
bubblesinthedrop,causedtheinitialportionofthetemperaturecurve
tovw y considerablyfranrunto h. Repeatedtrialsproducedcurves
believedtobe reasonablyaccurateintheunsteady-stateportionofthe
history,buttheclifficultiesoftheexperimentpreventedthetskingof
datathatcouldbe consideredasreliableaathatpresentedinreference
3. Reprcducibility of steady-statemperatureswasfoud tobe god,
withvariationsassmallasso R.
ExpertientalResults
“
A limitedsmountofacceptabledatawasobtainedforpressures
greaterthan1 atmosphere.Severaltrends,however,wereexpertientalJy
establishe&As thepressureis increased,theunsteady-statebeccmes
evenmoreimportant;thatis,theratioofthethe to attainthestesdy-
statetemperaturetothethe to ccxnpletelyvaporizethedropincreases.
Theoretically,thisratioapproachesa limitof 1 asthepressureis
increased.Secondly,thesteady-statemperaturesincreasewithin-
creasingpressure.Thisincreasetendstobecomelessathigherpres-
sures,sothattheclifferencebetweenunsteady-statetemperaturesat1
anti2 atmospheresi muchgreaterthanthedifferenceat 4 and5
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atmospheres.Thirdly,thehighersteady-statemperaturesmayin some
casescausethetotalvaporizationthe todecreasewithincreasing
pressure.
Figures4 and5 showexperimentaltemperatureendmasshistoriesat
2 and4 atmospheresofpressure.Figure6 givesexpertientalsteady-
statetemperaturesforvariouspressuresagainstairtemperature.At
higherairtemperatures,heattrensferfromthethermocouplewirescaused
theliquidtemperaturestobe erroneouslyhigh. Thisheat-transferprob-
lemwasincreasedathigherpressuresbecausethethermocoupleitselfwas
heatedmoreW thebmnbthemwheninopenair. Ea
CampsrisonsofExperimental-d CalculatedResults
Figure6 showstheagreementbetweencslculatedandexpertiental
steady-statemperatures.Thisagreementiswithin&-lOOR ascompared
with_@”for1 atmosphereofpressure.About&o ofthisdifferencemay
be accountedforby expertientalinaccuracies.Figures4 smd5 show
bothcomputedsadexperimentalhistoriesat2 and4 atmospheres.The
ssmeerrortrendsthatwerediscussedinreference3 are“present;hat
is,theexperimentalsadmass-transferhistorieswerewithin20percent
forallcasesstudie~ Withtheexceptionof steady-statemperature
agreement,theagreementbetweenexperimentalndcalculatedhistories w
wasstiil=tothatreportedinreference3. No othersignificanterror
trendwasfoundasthepressurewasincreasedto5 atmospheres
absolute.
Original
inreferences
\
SIMPLIFIEDCAIICUIJU!IONTECENIQUE
computationsofdropletvaporizationhistories,aSfound
1 to 3,wereperformedwiththeaidofeitherdeskcalcu-
latorsorautmnatichigh-sp&dccmrputers.Thedeskcalculationswere
prohibitivelyengthy.Thethe requiredto computehistorieswith
sequencedcomputersvsmiedconsiderablywiththetypeofmachineavail-
able.TheDM 650withsubrouttiedfloatingdectialcancalculatea
historyinapproximately10minutes.Othermachinesmayreqtireasmuch
as1/2houroraslittleas2 minutesto calculatea history.
Whilethehigh-speedccmputerisanexcellenttoolforcalculation,
ithasa numberofdlssihmntages:Computerprogramingmaybe the con-
suming,computertimemaybe difficultto obtain}thecostofoperati~
ishigh,audlastlya computerofadequatesizestiplymaynotbe avail-
able.Therefore,anattemptwasmadetoreplacethecomputercalculat-
ions witha simplifiedcalculationtechnique.A nmber oftechniques .
were triedwfthlittlesuccess;theseattemptsmereportedinappendix
A. Themethodofreduced-variablegraphs,whichprovedmostsuccessful,
isdescribedherein. .
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ConstructionfPlotsofReducedVariables
.
l
Themass-transferhistoriesgiveninre%erence3 sreqtitesimilsr
inappearance,thecharacteristicscurvebeing“S”shaped.Deviation
frcmthisshapeoccursonlywhenthetiitialslopeisnotapproximately
zero.Suchdeviationsmaybe e13minatedbyrestrict3ngtheinitialiquid
temperatureto someappropriatelyowvalue.Theexactvalueoftheliq-
uidtemperaturethatwillsatisfythisconditiondependsonthefuelsnd
airtemperatureange.Forexsmple,themsxi?numinitialiquidtempera-
turefor~-decsnewithairtemperaturesof800°to l~” R thatwillgive
sn initialslopeofapproximatelyzerois550°R. Thismsximumtempera-
tureis calledthezero-slopet mperature.
Withtheinitialtemperaturefixedatthezero-slopevalue,all
historiesfora particularfuelszesfmilsrinappearanceexceptforthe
the scsle.Fora particularfuelundertheconditionsstudied,division
ofthettiescaleby thetotalvaporizationttiegivesa fsmilyofreduced-
masscurvesthatdl lAewithin20percentof eachother.Iftheair
temperatureisheldconstsntendtheradiussnd/orvelocityvaried,the
reducedcurvesfsJIlverycloseto eachother.Variationoftheairtem-
peraturethuscausesmostofthe20~ercentvsriationmentionetL
Exmninationfthemasscurvesshowstit theMlectionpointcor-
respondstotheendoftheuustesdystate.Theproportionoftimespent
h theunsteadystateisknowntobe influencedby theairtemperature.
Fortunately,thereduced-masscurveiSne=ly a strai@tme ~ the
neighborhoodftheinflectionpointandthusminimizestheeffectsof
airtemperature.A singk curvethuscanbemadetorepresentallsuch
reducedcurvestowithintheaccuracywsrrsntedby theagreement
betweenW calculationsandexpertient.Sucha reducedcue for~-
decae is showninfigure7(a).Thiscurvewasconstructedframccmputed
mass-transfercurves.Whenthereducedcurvewasdrawn,pointsftiher
totherightwerefavoredso astofittheexperimentaltrendsbetter,
asdiscussedinreference3.
Computationsforinitialiquidtemperatureslowerthanthezero-
slopetemperatureofferno difficulty.To a goodapproximationtheequa-
tionforheattransferwithnomasstransferappliesto theselow13quid
temperatures.AppendixA givestheequtionandsolutionforthiscase.
Ckznputationsfortiitialiquidtemperatureshigherthsnthezero-
slopetem~raturerequiretheuseofonlypsrtofthereduced-mass-
trsmsfercurve.Theportionofthereduced-mass-trsnsfer curvetothe
rightofauyvalueofreducedthe correspondsto a masshistorywith
initialtemperaturegreaterthsmthezero-slopetemperature.H theliq-
uidtemperatureat eachreducedtimeis known,thereduced-m=s-tr=sfer
historymaybe obtafiedbymerelytakingthatpartofthehistorytothe
rightofthepointcorrespondingtothedesiredbitisJ-temperature.New
reducedsxesthatrunfromO to 1 mustthenbe constructedsothatthe
historywillbeginat zerothe andzeromasstransferred.
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A plotofliquidtemperatureagainstjmegivesa singlecurvefor
snyonefuel,pressure,sndairtemperature;thatis,thecurveis inde-
pendentof sizeendvelocity.Fsmiliesofcurvesmustbe drawnforvar-
iouspressuresaudtemperatures.Figure7(b)givessuchcurvesfor~-
decaneat1 atmosphereofpressure.Again..thecurveswereconstructed
frcnncomputedata.A reduced-temperaturescsledoesnotbringthese
curvesforvariousairtemperaturestogether.
Thetotal.vaporizationtimemaybe obtainedfrcmsteady-statevapor-
izationt3mesndthereduced-masscurve,asexplainedinthefollowing
section.As a ccmrputationslaid,thegraphsandnomogrampresentedin
figures8 to 10wereconstructedfromeqyation(Al)andthephysical
propertiesgiveninappendixIVofreference3. AppendixB gives
detailsconcerningtheconstructionffigure10.
Graphsandnanogremsimilartothosegivenheremaybe constructed
foranypurehydrocarbonfuel.Hexanesndhexadecane,forexample,were
reducedintheseinemeanerasdecene.Unfortunately,theshapeofthe
reduced-masscurvevarieswiththefuel.No singlecurvethatwould
representallfuelscouldbe found.Whenthecurvesforvaxiousfuels
ereplottedsoasto agreeduringtheinitialportion,theydivergeat
highervaluesofthereducedtime G*.
Ifitisdesiredto calculatea masshistoryfora fuel“x”shiler
todecane(i.e.,thestesdy-statemperaturesarewithinapproximately
50°R ofeachotherforseveralairtemperatures),thereduced-mass
curvefordecsmemaybe correctedasfollLows:Usethereducedcurvesfor
decanewiththeinitialiquidtemperaturecomputedfromtheequation
‘L,O,d=%,O,x+ ‘Twd-T~,x~)
Where TL, o,d istheinitialiquidtemperaturetobe
‘L,0,X istheinitialiquidtemperatureoffuel“x,”
steady-statemperaturefordecsne,end Tw.x isthe
usedfordecane,
Tw,d isthe
steady-statem-
“
—
peratureforfuel“x.” Theconstructionf%hereducedcurvefollowsthe
proceduregiveninthefollowingsection.Thetotalvaporizationtime
—
shouldbe calculatedfromdataforfuel“x.’!Itshouldbe remembered
thatthiscorrectiongivesonlyenapproximationtothecorrectreduced
curveandshouldbe usedonlyforfuelssimilsrtodecene.
Thereduced-masscurvefordecemeat1 atmospherepressuremaybe
usedwithbutlittleerrorforhigherpressuresup to atleastseveral
atmospheres.Theliquid-temperaturecurvesw5.11notbe thessmefor
differentpressures.
.0
~
m
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Calculationf
Reduced
la
MassandTemperatureHistoriesUsingPlotsof
VariablesforDropletsVaporizingwith
ConstantRelativeAirVelocity
W@ure 7(a)is a plotthatrepresentssllmass-transfercurves
(withintheaccuracygivenonp.14)forthefollowingrangeof
conditions:
Initial.iquidtemperature,‘R . . . . . . . . . . . . . . . ...0550
Airtemperature,OR.... . . . . . . . . . ..= ..800 5~~1600
Airvelocity,in./see . . . . . . . . . . ... . . . . . . IOSVS1OOO
Initislradius,in..... . . . . . . . . . . . . . 4X10-4~ r.< ~o-2
Fuel. . . . . . . . . . . . . . . . . . . . . . . . . . . . ..n-dec=e
Totslpressure,atmabs. . . . . . . . . . . . . . . . . . . 1ZPT54
Figure7(b)is a plotofliquidtemperatureagainstreducedtimefor
variousairtemperatures.Eachcurveisfor1 atmosphereoftotslpres-
sureandthegivenrangeinradiusandvelocity.
Twostepsareinvolvedin thecalculationfmasshistoriesfromthe
charts.Step1 istheconstructionf a reduced-masscurveappropriate
totheinitialiquidtemperatureof interest.Step2 istheconversion
of thereducedcurveto thedesiredmass(againsttime)history.The
procedurestobe.usedindifferentcasessreindicatedas follows:
Step1: Constructionfreduced-masscurves
(a)‘L,O= 550°R
Dropswithhitialliquidtemperatureof 550°R havethereduced-
mass-traasfercurvegivenby figure7(a).
(b]TLO >550° R
Iftheinitialiquidtemperatureis greater.then550°R, onlya
psrtofthereduced-masscurvegiveninfigure7(a)csnbe used. The
constructionfthenewreduced-masscurveforthiscaseproceedsas
follows:
(1)Selectfromfigure7(b)thecurvecorrespondingto theairtem-
peratureof interest.
(2]Reedthevslueof e* givenby thiscurveatthetemperature
~, 0; csJ.1thisvalueof thereducedtime ~
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(3)Fhd thepointcorrespondingto 19~onthecurveoffigure7(a);
callthispoint(m& e~). .
(4)Letthepoint(m& (lb)be theoriginof a newsetofaxes;these
axesshouldbe constructedparalleltotheoriginalm*, @* axes. Cons-
truct scalesoneachofthesenewaxesthatrunfrm O to1.0. The
value1 shouldcoincidewiththevalue1 ontheold m*,6* axes.Fig-
ure11 isa schematicexampleof sucha construction.Thenewaxesand
theportionofthereduced-masscurvetotherightof theneworigin
(m:,e:)formthereduced-masscurvesought.Theuniformscales(fig. E
12)csnbeusedin constructingthenewsxesscale,ora straightedge
sndthegemetryof stiilartrismglescanbe usedinplaceoftheuui.fom
scsles.
(c)TL,O <550°R
Iftheinitisliquidtemperatureislessthsm550°R, theportion
ofthemasshistorypriorto 550°R mustbe computedseparately.Since
nomassistrsnsferredduringthisperiod,thecalculationisforthe
heatingtimeonly. ThiscaseproceedsaEfollows:
.
(1)Useequation(A2c)withvaluesof C smd D asgivenintable
I to calculatethetimerequiredtoreach550°R liquidtemperature.
Notethatthisisnota reducedthe. -*
(2)Calculatetheactualmasshistoryfrm 550°R onasdirectedin
step1(a)andstep2.
(3)Addthetimetoreach550°R (step1(c1)) totheresultof
step1(c2).
Step2: Conversionfreduced-mass,curvesto actual-masshistories
Thereduced-masscurvegivenby step1 isconvertedto a mass-
transferhistorybymultiplyingthereducedtime e; by thetotalvapor-
izationtime Ot,whichisobtainedasfollows:
Picka valueof 6+$thatiswellwithinthesteady-stater gion
(say @*= 0.8);ca31thispoint(~, ~). Findthereducedradius
*
‘w= rwho correspondingto thispointby useoffigure13. Figure13
requirestheknowledgeof TL o,TV,and n$,allofwhichareknown.
Figure10nowgivesthevaporizationtimefora dropvaporiztigat steady-
stateconditionswithinitislradiusrw andvelocityV. Thevalueof
et csnnowbe calculatedfrantheequation
‘t =
e;/1- e;
—
.
A numericalexsmpleofthisprocedureisgiveninappendixC. --
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ConstructionfMassHistoriesforDropletsVaporizingwith
ChangingRelativeAirVelocity
Itisassrmedthatdragcoefficientssreavailablefrcmwhichthe
relativeairvelocitymaybe calculated(seeref.5).
be followedis a stepwisetrial-and-errorprocess:-
(1)Constructthereduced-mass-trsnsfergraphas
preceiUngsection.
(2)Holdallconditionsexceptvelocityconstsnt
of et forvariousV. Thecalculationisperformed
precedingsection.
Theprocedureto
in step1 ofthe
andcalculatevslues
as in step2 ofthe
.
(3)Pickan incrementoftime & thatissomesmallfractionof
the 8t valuecorrespondingto thegiveninitialvelocity.
(4)Assmningthemasstobe constant,calculatethevelocityattime
A6 aspredictedby thedrsgequations.Calculatetheaveragevelocity
duringthe A&
(5)Fromthegraphpreparedin step(2)of thissection,readthe
valueof et correspondingtotheaversgevelocitycalculatedin step
(4). Callthisthe et,~.
(6)CalculateAe;= Ae/et~.
J
(7) Franthemasscurveof step(1)ofthissection,findthe mf
correspondingto A&f. Thisgivesthefirstpoint,(~*,A(3),ofthe
masshistory.
(8)~ themasshaschangedappreciablyduringthethe Ae,the
calculationsofsteps(4)to (7)mayneedtobe repeatedwitha more
accurateamragemass.
(9)Repeatsteps(4)and(5)forthenextthe step. Step(6)now
shouldread ~ = AO~+Ae/et,2.Step[7)followsasbefore.
For
thedrop
usedfor
The
history.
stepsotherthenthefirst,thecurvesforvelocityandmassof
maybe extrapolatedas an aidinesthnatingthevaluestobe
thenextstep.
csd.culationthusproceedstepby stepto givethemass-transfer
A numericalexsmpleisgiveninappendixC.
.
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*AccuracyofMethodofReduced-VariableCharts
Easeof calculationa dspeedareimportantfactorsin considering
therelativemeritsofcalculationtechniques,buttheaccuracyofthe
resuitsmustnotbe ignored.Therangeof conditionscoveredby the
reduced-variablep otswaschosensoasto approximateengineoperatm
conditions.Thisrangeexceededthersmgeforwhichexperhnentaldata
wereavailable.Directcanpsrisonofmasshistoriesobtainedby useof
thereduced-variablechsrts ndtheexpertientalcurveswaspxsibleonly
forthelargestdropsizeintherangeconsidered,thatis,500microns.
Comparisonsof experimentalcurveswithcurvesobtainedfromIBMcalcula- #
tionandfromthereduced-variablechartsaregiveninfigure14. .0Curves
forcalculations.a stingnounsteadystateandalsoforthemethodof
solidspheres(seeappendixA) areincluded.In eachcasetheuseofthe
reduced-vsriablechsrtsprovidesthebestagreementwithexperiment.In
orderto checkthesechartsfora widerrangeofconditions,ccznparisons
withIBMcalculationsonlyaregiveninfigure15. Ineachcasethe
agreementisgood. Ingeneraltheagreementispoorestatlowairtem-
peratures.Rsdiusendvelocityhavebutlittle ffectontherelative
error.WhilethechartsagreewiththeW calculationsfortheseco@i.-
tions,itmustbe rememberedthatthetheoreticalcalculationsthemselves -–
aresubjecto theerrortrendsgiveninreference3. Thesetrendssug-
gestthattheIBMcalculationsmaydisagreeconsiderablywithexpertient
—
forverysmelldroplets. ‘w
Figure16 ccmperestheresultsof calculationsu ingtheIBMandthe
reduced-variablech rtsforvariableairvelocity.Thevelocitycurve
waschosenarbitrarilyandthuswasknownprecisely.ThisprocedureIs
permissible,sincethecomputationswereforcmpsrismpurposesonly.
UseendLimitationsofHistories
lhordertousetheccmputedhistoriestopredicthebehaviorof
an air-spraysystem,thefollowingtechniquemaybe used:
(1)A representativedroplet-sizedistributionfortheconditionof
Interestisdeterminedor assumed.Theinitialiquidtemperaturemust
be knownorassured.Theairflowpatternendrelativeairvelocitymust
alsobe knownorassumed.
(2)Theuseoftheccqutedhistoriesthatassumeno interaction
betweendropletshouldbe justifiedonthebasisofthedispersionof
thesprayinquestionandtheover-allfuel-airatio.h thecaseof
spraysfoundinJetengines,theauthorsbelievethatthisassumptionis
justifiedendthatthecomputationspresentedareadequate.Ifthespray .
isdense,otherconsiderationsandtechniqueswillhavetobe tskeninto
account(refs.3 and4).
.
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(3)Theentirespraymaythehbe dividedintoa nmber of “size
groups”andthepercentageby weightof eachdetermine~Eachsizegroup
maybe representedby a singledropletsizethatmaybe chosenas some
aversgeoftherangeof itsparticularsizegroup.Anyerrorinvolved
intheaveragingtechniquewiJ2be miuimizedifa sufficientlyargenum-
berofgroupsischosen.
(4)Eachrepresentativedropletwillbe treatedintiemsmnersug-
gestedinthisreport.Sincethedropletswillbe affectedby aerody-
namicdrag,theprocedureoutlinedonpage13shouldbe used.
(5)Thesmountvaporizedfrcsneachsizegroupwillthenbe obtained
asa functionofthedistsncefromthenozzleorthepointatwhtchthe
spraywasfirstformedandcameintocontactwiththeair.
(6}Thetotalsmountofvaporformedfromthespraycanthenbe ob-
tainedby addingtheproperlyweightedvaporizationdueto eachsize
group.
(7)Aftertheinitialfuel-airatioby weightisknown,a distance
fromthenozzlemaybe foundatwhichanover-allair-vapormixtureof
combustiblestrengthisformedandwhereallphysicalprocessesare
thoughtohavemadetheircontributions.A spsrkplugor flsmeholder
w maythenbe placednearthatpointto initiateor sustaincombustion.
Thebslanceofthecomputedindividualhistoriesareactuallymeaningless
beyondthispoint.
Thecalculatedva~rizationhistoriesdonotnecessarilydescribe
thedropletlifethnesintheirentirety.Sameor allthedroplets
present,sayina fuel-spraysystem,maydefiatefr~ thesec~c~ated
historiesaaetieduringtheirlifetimesinanactti ccmbustor.The
lifetimesof fueltiopletsmaybe thoughtofas composedoftwoparts.
Thefirstisphysical;thiscsnbe adequatelydescribedby thecalculated
vaporizationhistoriesobtainedby usingthetechniquepresentedtithis
report.Thesecondis chemical;thisincludesthethe requiredforthe .,
oxygenandfuelmoleculesto srrsugethemselvesforccmibinationnto
ccmbustionproducts.Itis qtitelikelythatthetwomentionedparts,
physicalsndChemiCd-,overlapto anappreciabled gree.
A secondlhitationhastobe placedontheunrestricteduseof
theccnnputedhistoriesaspreviouslyoutlined.Theseccmnputationswe
basedontheassumptionthatan abundsntquantityof airacccmnpanies
eachdroplet;thatis,no interactionccursbetweendroplets,andthe
pressureandtemperatureoftheairareunaffectedby thevaporization
process.Thusthecomputedhistoriesdonotshowanyeffectthatmay
resultfromthecloseproximityofdroplets.W densepartsof a
. spraytheairtemperaturemaydropappreciably.Therateofvaporization
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alsowilldecreasebecauseofthereductionofdiffusionaldrivingforces
by thepresenceoffuelvaporintheairsurroundingthedroplets.As
,
anultimatecondition,thefuel-airsystemwillreachsdiabaticequllib-
rim, andthevaporizationprocessceases(refs.3 snd4).
.
Itisfeltthat,forthemostpart,fuelspraysexistingin continu-
ousflowor jet-typecombustorsaresodispersedthatthepartislpressure
ofthefuelvaporintheairsurroundingthedropletsisnothighenough
to effect hediffusionsdrivingforcesappreciably.Thedri~ng force)
therefore,willslwaysbe assmedequaltothefuelvaporpressureofthe
ltquidfuelattheliquidtemperature.Thetiopletsarefarenoughre-
movedfromeachotherthat“singledropletmcomputations,uchasthose
describedinthisendpreviousreports,areaccurate.enoughtodescribe
thehistoriesofthedropletsduringtheirperiodofpurevaporization;
thatis,beforeignitiontakesplace.Theairtemperatureduringthis
processwillnotbe appreciablyreduced.Theairpressurewillremain
unifozm,sincefrictionallossesendthepressureriseduetovaporiza-
tionme relativelynegligible.
Cautionshouldslsobe exercisedintheuseof “ignitiondelays”or
“preflsmedistances”obtainedby usingoneoftheseprocedures.~
actualcombustors,therearea numberofvariablesthatrenderthispro-
cedurecomparativeatbest. Turbulenceendbackflow,forexsmple,dis-
turbthepatternofrelativevelocitybetweenairanddrops.Atomization
uncertaintiesarealsoof concern.Heattransferby radiationfromthe
comhustorwallsandflametotheliquid&opletsaddstotheconvective
heattrsmsfertothedropletsandis difficultto evaluate.Theevska-
tionjustgivenshould,therefore,be usedforestimationr comparison
purposesonly.
COK!UJSIONS
An investigationwasconductedto (1)compsrethetheoreticalpre-
dictionswithexperimentaldataobtainedatpressuresfrom1 to 5 atmos-
pheres,and(2)evolvea simplifiedcalculationtechniqueofreduced-
variablegraphsandnomogramssoastoobtaindroplethistorieseasily.
Theresultsandconclusionsarestatedasfollows:
1.Theratiooftheunsteady-statetimetothetotalvaporization
timeincreaseswithincreasingpressure.Itis conceivablethatatvery
highpressurestheentiredropletlifetimemaybe spentintheunsteady
state.
2.Agreementbetweencalculatedandexperimental.mass-trmsfer
historieswaswithin20percentforallcasesstudied.Reasonableagree-
mentbetweentheoryende~rimentwasfoundforpressuresup to 4
.
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atmospheres.Extrapolationfthetrendsofagreementbetweenexperiment
sndtheorysuggeststhatthetheorymaybe in seriousdisagreementwith
experimentfordropletsconsiderablysmallerthan250micronsinitial
dismeter.
3.Theexperimentalmethodis definitelyimitedin scope.This
methodceasestobe practicableforverysmalldropsorhigherairve-
locities.Smslldropletsimplysuchshortvaporizationttiesthatitis
impossibletoplacethedropsonthethermocoupleb foretheyvaporize.
Insddition,thetimetodeveloptheairstresmprofilemaybecomeimpor-
tsntandthusraisetheuncertaintiesofturbulenceendair-velocity
magnitude.Airvelocitiessrelimitedby theeffectsofdropletdistor-
tionsndblowoff.It isconceivablethatthemethodmaybeusedfor
higherairtemperaturesorpressuresbutonlywithconsiderableexperi-
mentalclifficulty. Itmaybe concludedthatsaneothermethodshouldbe
soughtffconditionsgreatlydifferentfrcmthosestudiedheretiareto
be considered.
4.Themethodofreduced-variablechartspresentedinthisreport
is simplenoughsndaccuratenoughtobe usedforthecalculationf
; thevaporizationf sprays.Themethodprotidesasmuchaccuracyas is
wsrrsntedby theagreementbetweentheoryandexpertient.
o
w 5.Msnyuncertaintiesh theapplicationfthesestudiesto fuel
spraysresultfrcma lackofunderstsmdingofthedetailedbehatiorof
sprays.Drop-sizedistribution,dragcoefficients,dropletinterference
effects,sndtheeffectsof chemicalreactionintheboundarylayerare
saneofthemoreimportantoftheseproblems.
UniversityofWisconsti,
Madison,Wis.,May9,1957.
.
.
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APPENDIXA
,
- METHODSOF CALCULATION
A flowdiagramoftheIEM650progrsmisgiveninfigure17. Values
of T1 and r forehchnewthe stepareextrapolated.fromthethree
priorpoints.Theprogramautanaticellyrecycleseachstepuntilthe
assmnedendcalculatedvaluesagreetowithina setdifference.
A procedureinvolvingthessmecalculationtechniqueusedinthe
IBMprogrambututilizingncnnographica dsandgraphswasdevised.Be-
causethestepwiseprocedurewasretained,itwaeestimatedthatatbest
thisprocedurewouldrequire0.7houroferrorlesscalculationperhistory.
Sucha procedureofferedlittlesdvsntagetotheccmputingmachinemethod
andwasthusabandoned.
Appe~dixD presentstheequatimsusedinthecalculations.The
extremenonlinearityandcomplicatedcouplingoftheseequationspro-
hibitsanyhopeofan smlyticslsolutionforthemostgeneralcase.
Thefollowtigtwoimportantspecialcasesdo allowsolution.
Steady-StateH atTransfer,~/de= O
tithiscaseequation(Dl)canbe integratedtogive
where
6; totallifettie
‘o,w tiitisl rsdius
at steady-statecondition
at stesdy-statecondition
K=
=ti(pT~pf,L)
x=&= 10 s ~el/2Scl/3
.
v
F(X)= X
J
Sds
,1~ 12
, I
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(Seelistof synl%olsforundeftiedquantities.) A closed-formsolution
. oftheintegralF isgivenb reference2,whichalsogivestwo13mit-
i.ngvaluesfor F. Onlythelimitingvslueforlsrgevaluesof X is
appropriateo Jetengtieconditions.Inthatcase F approachesthe
constantvalueO.500. Graphsof g,F, and K for~-decsneat1 atmos-
pherepressureregivenb figures8 and9. Thesegraphscaube used
inconjmctionwitha slideruleordeskcalculatorto obtain6~. A
nomographicsqlutio.nofequation(Al]is alsopresentedinfigure10.
NegligibleMassTrsnsfer,dm/d6= O
Forthiscaseequation(Dl)becomes
Theequationisapplicableto~-decsneforliquldtemperaturesbelow
A 550°R. Fora rangeinliquidtemperaturefrom460°to 550°R, the3P chsngeinradiusof a ~-decanedropletdueto thermslexpsnsionisless
y than3.5percent.Resrrsmgingtheequationgives
where
Thepropertiesof airareevaluatedatthemeantemperate,
A tabulationof C
factorschangeonly
gives
2TB+ TJ o + 550%= 4
and D (seetable1) for~-decaueshowsthatthese
slightlyovera 50°R rangein Tm. Thus,integrating[)r2 ~ ‘B - ‘L,O‘t= C + D(rV]l/2 ‘B - 5= (MC)
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Whilethesetwospecialcasessreveryuseful,theydo notdirectly
givemy informationabouttheimportantpartoftheheatingDeriod. .
Iftheunstesiiy-statethe 6t)u‘sndthe-
sreknown,thefollowingapprotiationto
stesdy-statetemperature~
thetemperaturehistorymaybe
msde:
Withthis
‘LT*=T - ‘L,o= e
w - ‘L,O *t,u
Z?*=1
approximationit ispossibleto
equation(Dl).Theseformsare,however,
for e ~ et,u
‘or e~%,u
obtainintegrableformsof
.
highlycomplicated.A further
objectiontothismethodistherequiredknowledgeof %,u“ Higher
orderapproximationsto thetemperaturehistoriesgiveunintegrableforms
andrequiretheknowledgeofanadditionaltemperature-timepoint.
Vsriousequationswerefitto thetemperaturesudmasshistoriesin
snattemptorepresentthesecurvestitha universslformula.Thefol-
lowingequationsgivereasonableaccurac~ --
~-TL
T*=T
-A#
w ~TLO=”e}
1
[( )]
em
-m*= ~=exp B—
% %,u
(M) “
(A4)
Valuesof constantsA, B,n,m me neededforverygoodaccuracy.No
goodcorrelationftheseconstsntswithambientconditionscouldbe
found.Thisrepresentationfurthe&indicatedthata reducedplotof some
kindwaspossible.Thevaluesof B and m indicatedthata reduced
plotshouldbebasedon a fixedinitialiquidtemperature.
Anothersimplifiedcalculationtechniqueisgivenhereforcomplete-
ness.Thismethodcalculatesthetimetoreachsteady-statemperature
assumingnomasstrsnsfer.Rmmnthispointon,thestesdy-statevaporiza-
tionequationisused. Thecalculationfortheunsteady-statetimethus
ignorestheeffectofmasstransferonheattransfer,thelatentheatof
vaporization,sadthechangeindropletradius.Theseeffectsmaybe
large,since40to 50percentofthedropmayvaporizeduringtheun-
steadystate.Whilethemethodisapproximate,comparisonsgivenin
figure14 showthatit isa verydefinitetiprovementoverthesimple
stesdy-statecalculations.
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APPENDIXB
CONSTRUCTIONF f3~NOMOGRAM
The e! ncmogrsm(fig.10)referredto inthebodyofthereport
wasconstructedfromccmputedvsluesofthefunctionsndthephysical
Propertiesgiveninreference6. Thenomogrsmcalculatesthevalueof
e:
as
fromtheequations
&
‘~=iqzq‘(x)
X = (rV)l/2g(T~ (seep. 18)
Theconstruction
follows:
tith
(1)
(2]
(3)
(4)
Rsnge
Oclo-sto”wo-s
10tol@
3.563to 6.000
0.090to 0.500
4xlo-5to WO-3
10-5to8.0816~0-5
theformsuggestedinreference6 isoutlined
log(r)+ log(V)= ql
2 log(x)= ql+2 log(g)
log(F)+ 2 log(r)= q2
Scslemodulus
14
14
~=7
14+14
65
-=6.3194
40
7
== 5.9577+40
32
5.96x32
5.96+32= 5.022
Plotthg1
nodulus
14
14
130
E.639
40
14
-32
5.022
Matchingpoint
4x10-5(bottombase)
10 (bottan)
3.563(bottcmn)
7.126X10-2(bottom)
0.090(topbase)
4xlo-5(top)
8.0816=0-5(top]
1.78X10-6(top)
‘
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Distsncesbetweenscsles:
q
~lrl
srbitrary10”
#lo =5”
arbitrary12”
7=
= 1.167”7+65
srbitrary6.7’!
~ 6.7= 14”
sxbitraxy14”
5“‘6 14= 2.198°5.96+32
Sincethereareactuallytwoncmogramsconnectedthroughthefunc-
tion F(X),thedistmcebetweenthe F md X scalesispurelysrbi-
trarysnddoesnotaffectheotherscaledistsnces.
Thescalesfrmnlefttorightastheyappearonthenamogrsmsre:
rl)ql)S)F)v) ~> r2>e~~g>K.
Scsleconstruction:The F and X scaleswerematchedfrom~ 650
computedvaluesof F egainsts. Thescalesg,K, X,F werespecially
computedforeachscaledivisiou Thescalesr,V, sad 8~ weretaken
fromlogarithmics alesprovidedinreference6. Thescalesg and
K weremarkedintermsoftheindependentvariable~.
Calculationproceedsasfollows,:
(1)Pickthevsluesof rl= r2,V, and !l?Wofinterest.
(2)Drawa linefrcm rl to V.
(3)Frcmtheintersectionf rlV on ql,drawa lineto g(~}.
(4)Re@ thevalueof X attheintersectionf qlg on X.
(5)Ftidthepointonthe F scalethateqys.lsthisvalueof X.
ii
o
,
“
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(6}Drawalinefrcm F to r2.
(7)Frcmtheintersectionfthis fi2 ltie~th q2 ~awa~e
to K(TW).
(8}Theintersectionfthis q.# linewiththe ~~ scalegives
thedesiredvalue”of13~.
Constructionf sucha ncmogrsmrequiresmanyhoursoftious work.
Itisthereforefeltthatifval-uesof 8~ aredes~edforother~ls~
thegraphsof F, g, snd K shouldbe drawnanduseddirectly.A
nomogramshouldbe constructedonlyh caseswhereveryextensiveuseis
anticipated.
.
.
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lmAMPLEoFCALCULATIONSU INGVARIABLEVELOCITYAND
CHARTSOFREDUGEDVARIKKLES
As anexsmpleofthemethodofreduced-variablecharts,thefollow-
initialconditions,willbe used:
?$
temperature>TR>‘R . . . . . . . . . . . . . . . . . . . . . .1380 0
Initialrelatived-rvelocity,Va,O,in./sec. . . . . . . . . . . . 1000
Initialradius,ro,in. . . . . . . . . . . . . . . . . . . . . . O=ml
Initisldiameterjmicrons. . . . . . . . . . . . . . . . . . . . . .50
Initialiquidtemperature,~ o, ‘R . . . . . . . . . . . . . . . . 600
Ingebotsdragcoefficient(ref.5) isusedhere:
Step1: Usingonlypa% ofthecurveoffigure7(a),obtaintiereduced
curvesshowninfigure18. Theoriginofthenewsxisis0.065onthe
curveoffigure7(a).Thus~onlythe t3*scalemustbe revised.For
examp#e,15percentisvaporizedat e*= 0.25 onthenewscaleinstead
of e = 0.3 asontheoldscale.
Step2: Obtativaluesof et forvariousvelocities.For e*= 0.8,
TV= 736,m*= 0.9 calculater:= 0.475,‘rw=0.0004755et=e~/o.2=5e~.
~US, etfio3s 4.42,4.62,4.75,ad 4.88seconds;V = 1000,900}8(X),
and700inchesperseeond.Plotthesevaluesasinfigure18.
Step3: “PickAe= 5fio-4.
Step4: Calculatethevelocityattime A6 by usingthedragequations:
.
l
where
‘1= 1000;V2 iS the velocityELttime &j T. (V1+ v2)/2
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pa(1380}= 1.66x10-5
5= 0.001
pL(625)= * willbe “0.1)0.02487(estimatingA6
TB + ~L .
Va z = Va(lOOO)= 0.0646
a startingvalue,use ‘1
‘2= ypsr ‘ter ‘MSJ
~
velocitycurveshouLdbe used.to ~btain~.
3XL.66X10-5(O.0646)‘0”84
2.487fro-2
16.6
990
‘2= vl - 16.6(3000)(5~0-4)= 1000- 25= 975
.
VI + V2
Recalculate~ = z = 988.
Step5: %,1 = 4.47 fromthegraphof step2.
-4
Step6: A9$= ~ = 5n0 = O.m; q= o.113
‘%,1 4.47xlo-3
Step7: Thefirstpointofthe m*, 8 curveis (0.025,
Step8: Theguessesof r. and T1 wereverycloseto
Vslues, endthusno recalculationisnecessary.Repeat,
step4;tofindthesecondpetitofthe m*, e curve.
‘2= 975;V3= ?
pa(1380)= 1.66x10-5
extrapolation
25
f
5XL0-4]l
thecalculated
beg- with
F= 0.0096(ex~ine r* graph;assumeA~ = O.1)
.
PL(680)= 0.02397
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VJ103O}= 0.0686
,
T= 963(linesrextrapolationofpreviouslycalculatedpoints)
K= 7.5xl.66x(68.6)0*8%C)-1=19 60.93x2.397 .
V3= 975- 29.4=
‘%,2= 4.53xlo-3
946
0.llO;~ = 0.223
The secondpoint ofthe m*, e curveis (O.125,10-3).Thegyessof
~ wasquitegood;5? wascloseenough.C!lesrlyonthenetistep Z
willbe approximately0.00094,sndsoforth.Repeatto obtainthtid
point,endSO forth.
!!
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KE’PENDIXD
RESW’ OFEQUATIONSUSEDINCALCULATIONS
Thefollotigequationswereusedh thecalculations
theyarederivedanddiscussedinreferences
ofhistories;
1 end2. Theyarerepeated
hereforconvenientreference:
C..2
h=(.-*)%+(*)lJf
.
‘.,,.=(,-*)(:) %,.+(*)(%)%f
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*
Dv~~a>wfjKayKf~ ~, a> ~ ~,, me tskenatt-w=ture ~
‘,, L> PL)Cp,L> md A aretskenattheliquidtemperatureTL>which
isassumed,unifomnthroughoutthedrop(ref.2). Theequationsforthe
physicalpropertiesmaybe foundinreference7.
1.
2.
3.
4.
5.
6.
7.
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TABLE
[
Tm=
I. - VALUESOF C AND D PARAMETERS
2TB+ TL,O + 550
et=
r2
4 j
T C +D(rV)1t2
(Seeappendix).1
Tm, c. D
oR
1075 1.378X1O-4 1.81X10-4
1050 1.350 1.81
1025 1.320 1.81
1000 1.290 1.81
975 1.260 1.809
950 1.230 1.80
925 1.200 1.788
900 1.170 1.785
875 1.140 1.785
850 1.110 1.785
825 1.080 1.785
800 1.050 1.785
775 1.020 1.785
750 .993 1.785
725 .965- 1.785
700 .934 1.785
675 .905 1.785
655 .880 1.785
.
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